In the Western Antarctic Peninsula, increased biological activity at many levels of the food web are spatially coherent with submarine canyons. One possible mechanism that links the presence of these canyons to increased biological productivity is through the local upwelling of nutrient-rich modified Upper Circumpolar Deep Water (mUCDW) to the surface, which supports high phytoplankton stocks, krill, penguins, and whales. In the austral summer of 2015, we investigated this hypothesis by deploying three autonomous Slocum gliders over Palmer Deep Canyon, near Palmer Station, Antarctica. Although we observed the shallowing of mUCDW consistent with canyon-driven isopycnal uplift, these deep waters did not penetrate the phytoplankton rich surface mixed layer. Waters below the mixed layer, however, were strongly coherent with bathymetry, suggesting the strong influence of the canyon. The decoupling of the surface mixed layer from the mUCDW suggests that local upwelling may not be the mechanism that supports the biological hotspot. New physical mechanisms that could support the biological hotspot at Palmer Deep Canyon are suggested.
Introduction
Submarine canyons that traverse the continental shelf and terminate within a few kilometers of the shore in the Western Antarctic Peninsula (WAP) are often considered biological hotspots due to their association with high biological activity (Carvalho et al., 2016; Fraser & Trivelpiece, 1996; Kavanaugh et al., 2015; Schofield et al., 2013) . Adélie, gentoo, and chinstrap penguin colonies, some of which have persisted across millennial time scales (Emslie & Patterson, 2007) , are often present at the terminus of these canyons. This has become the foundational observation for the "canyon hypothesis," which suggests that there is a mechanistic relationship between these biological hotspots and the presence of these canyons (Fraser & Trivelpiece, 1996; Schofield et al., 2013) . One suggested mechanism linking the presence of these hotspots to the canyons is the upwelling of nutrient-rich Upper Circumpolar Deep Water (UCDW) that would, in theory, support the growth of phytoplankton, Antarctic krill, and their upper level trophic predators (Prézelin et al., 2000) . Indeed, the source of nutrient-rich waters along the WAP is likely the result of UCDW intrusions at the continental shelf break (Smith et al., 1999) that are transported across the continental shelf via subsurface eddies and canyons (Couto, Martinson, et al., 2017) . Prézelin et al. (2000) suggested that the upwelling of UCDW at the shelf break could provide a dependable food source within penguins' 100to 150-km foraging range (Fraser & Trivelpiece, 1996 ; see inset of Figure 1 for region studied by Prézelin et al., 2000) . However, satellite telemetry of Adélie penguins in this region show that they rarely venture to these offshore upwelling sites but rather stay within approximately 20 km of their colony (Oliver et al., 2013; Pickett et al., 2018; Oliver et al., 2019) , even though the shelf break upwelling sites are within their known foraging range (Fraser & Trivelpiece, 1996) . It is certainly possible that shoreward horizontal transport of production from the offshore upwelling sites could benefit upper trophic level species in their nearshore foraging habitats. However, the observation that Adélie penguin foraging is restricted to the canyons near their colonies has led ecologists and oceanographers to clarify and reduce the length scales of the potential mechanisms driving the observed hotspots.
Palmer Deep Canyon (PDC) biological hotspot, located off the southern shore of Anvers Island in the WAP, is believed to be related to the local shoaling of warm, nutrient-rich UCDW at the nearshore canyon terminus. A multiyear analysis of satellite chlorophyll, temperature, and sea ice over PDC showed higher chlorophyll concentrations over the canyon compared to nearby coastal regions (Kavanaugh et al., 2015) . Importantly, the distance between canyon and noncanyon sites in this analysis was~10 km, which is on the same scale as the penguin foraging range in PDC. A localized UCDW upwelling signal within PDC could explain the consistently higher satellite-derived chlorophyll concentrations, consistently lower sea ice cover, and restricted foraging range of Adélie penguins in January and February (Kavanaugh et al., 2015) . These observations provide strong circumstantial evidence that local upwelling is the mechanism that spurs increased biological activity in PDC during the middle to late summer months.
This localized view of the upwelling mechanism that supports this hotspot has several key assumptions. The first is that nutrient-rich UCDW penetrates the lighted surface layer where it can be utilized by phytoplankton. The second is that the lighted surface layer is nutrient-limited, and the upwelling of nutrient-rich UCDW to this layer supplies the necessary nutrients for phytoplankton growth. The third is that the residence time of this surface layer is long enough for phytoplankton biomass to respond to these upwelled nutrients and accumulate through growth. The fourth is that the increased phytoplankton biomass attracts krill, which in-turn support upper trophic predators such as penguins. While local upwelling has been suggested as the mechanism that supports PDC biological hotspot, there have been few direct observations of upwelling. For example, using a single buoyancy-driven Slocum glider, Schofield et al. (2013) reported that nutrientrich UCDW was shoaling within PDC. However, it was unclear if the event promoted biological productivity within the canyon system or if the event was persistent enough to support the hypothesis that continuous upwelling within PDC drives the biological hotspot.
Here we use three buoyancy-driven Slocum gliders to test the canyon hypothesis and observe local upwelling events of UCDW within PDC in January and February of 2015 during the seasonal peak of biological activity. We hypothesize that these upwelling events are the mechanism driving the biological hotspot in PDC. Gliders have become a standard platform for oceanographic research; however, their relatively slow transit speeds often make it difficult to discern if the changes observed along a transect are due to conditions changing in time or space. We attempted to address this issue by deploying two gliders in a cross pattern, with a third glider holding station at their intersection. We used the differences in these transects to discern which mechanisms likely drive differences throughout the canyon above and below the mixed layer.
Methods

Glider Data Collection
Three Slocum electric gliders were used to collect the physical and biological data used to describe the oceanography of PDC. One glider ran a transect across PDC, parallel to the coast of Anvers Island; another ran a transect along PDC, perpendicular to the coast of Anvers Island; and the third glider held station at the intersection of the other two glider transects (Figure 1 ) near the head of the canyon. Two of these gliders (station-keeping and across-canyon) sampled the upper 100 m of the water column, while the third (along-canyon) sampled the upper 200 m.
All three gliders were deployed on 5 January 2015. The station-keeping and across-canyon vehicles were recovered and redeployed after battery replacement during the month of January. Since the decorrelation analysis (section 2.3) assumes a continuous time series, the glider missions were separated into two sequential field experiments when all three gliders were on their assigned lines ( Figure 1) . The stationkeeping glider completed 1,249 profiles during the first experiment and 1,684 profiles during the second experiment. The along-canyon glider completed 608 and 807 profiles during the first and second experiments, respectively. The across-canyon glider completed 791 profiles during the first experiment and 1,148 profiles during the second experiment. We treated these experiments independently for all analyses described below.
The sampling methods and configurations of the three gliders are described in Kohut et al. (2014) . In brief, each glider was equipped with a SeaBird conductivity, temperature, and depth (CTD) and Wet Labs Eco Triplet fluorometer that sampled approximately every 0.5 m. The Wet Labs Eco Triplet was configured to measure backscatter in addition to chlorophyll a concentration. Only data from the downcasts were used because science sensors were sometimes turned off on upcasts to save power. Data from these gliders were cross-calibrated using data from when they were in close proximity at the station-keeping location (supporting information Text S1, equations S1-S4, and Figure S1 ). These relationships were used to correct the complete data set.
The gliders estimated depth-integrated water currents between surface events by comparing surface GPS locations with dead-reckoning subsurface navigation (Schofield et al., 2007) . Mixed layer depth (MLD) was derived using the methods of Carvalho et al. (2016) , which is based on the depth of the maximum buoyancy frequency (Carvalho et al., 2017) . Wind and bathymetry data were also matched to glider data. Wind was measured at the Joubin and Wauwermans Islands weather stations, and bathymetry data are from ETOPO1. The bathymetry was matched to glider data at its native resolution.
Water Mass Identification
Water masses observed during these experiments were identified using the temperature and salinity definitions from Carvalho et al. (2016) after analyzing six field seasons (2010-2015) with 26,455 upper water column profiles. Carvalho et al. (2016) defined modified UCDW (mUCDW) as water with temperatures between 0 and 1°C and a salinity range between 34.1 and 34.7. Winter Water (WW) was defined as water with a temperature equal to or less than −1.2°C and salinities between 33.85 and 34.13. Surface waters, also known as Antarctic (summer) Surface Water (AASW), were defined as waters having temperatures between 0 and 4°C and salinities between 32.5 and 33.5 (Carvalho et al., 2016; Smith et al., 1999) .
Decorrelation Analysis
Depth-resolved glider data were separated into 10-m depth bins across the three gliders and two experiments. To examine the differences between the mixed layer and deeper water masses such as mUCDW, we focused on the 0-to 10-m and 80-to 90-m bins. The 0-to 10-m bin was used because it was consistently within the mixed layer throughout both experiments. The 80-to 90-m bin was chosen because it was well below the mixed layer.
Within each depth bin, the data were linearly interpolated to hourly time stamps using the function approx in the zoo package in R (R Core Team, 2017). These data were used to perform a decorrelation analysis for each glider and depth bin. Decorrelations were detrended using the acf function in the stats package in R. The mean was removed from each time series, and the maximum lag was set to 80 hr to encompass the time it took for the across-and along-canyon gliders to complete two transects. Daily trends were not removed from surface data to avoid removing episodic surface events. Equation (1) calculates the 95% confidence intervals for complete decorrelation.
Decorrelation analysis assumes that the data are Eulerian, meaning that data are collected at the same location throughout the time series. Therefore, we attributed differences between the station-keeping and alongand across-glider correlations to spatial differences along the transects in PDC, both at the surface and at depth.
Historical LTER data
Historic data from the Palmer Long Term Ecological Research (LTER) program were accessed from the Palmer LTER website (https://oceaninformatics.ucsd.edu/datazoo/catalogs/pallter/datasets). We used CTD (Iannuzzi, 2018) , nutrient, and light irradiance data (Ducklow et al., 2019) from the annual Palmer LTER cruises between 1993 and 2018 during the summer months (December-February). Station 600-040 within the sampling grid is over PDC and Station 600-080 is located 40 km to the northwest, outside of PDC (Figures 1 and S2 ). Sampling frequency varied between the stations. At Station 600-040, CTD data were collected every year between 1993 and 2017, and nutrient profiles were collected every year from 1993 to 2018. Light percent irradiance was collected at Station 600-040 in 1998-2000, 2002-2003, and 2005-2008 . At Station 600-080, CTD casts were conducted between 1993 and 2008 and in 2014. Nutrient profiles were conducted in 1995-1996, 1999, and 2000-2008. CTD and nutrient data were averaged across sampling years. CTD data were binned in 10-m depth bins. Nutrient data were binned in 10-m depth bins above 50-and 50-m bins at deeper depths to account for lower vertical resolution in the data. Percent light irradiance was averaged by year and in 5-m depth bins for the 9 years between 1998 and 2008 (1998-2000, 2002-2003, and 2005-2008) where irradiance data were available to estimate the depth of the euphotic zone (1% light level).
Results
Glider Observations of PDC
In the austral summer of 2015, PDC was stratified with a warm, relatively fresh surface layer that deepened and became less fresh as the season progressed (Figures 2 and S3-S5). The MLD begins to deepen from a mean of 13.5 m during the first experiment to a mean of 32 m during the second experiment in all transects on 23 January, which is coincident with a large wind event, reaching an hourly maximum of 15 m/s with a mean speed of 7 m/s on that day. The deepening of the MLD around 5 February to a mean of 44 m between 5 and 7 February was also coincident with high, sustained hourly winds on 5 February, with mean wind speeds of 11 m/s (Figure 2a ). This resulted in an increase in the surface layer density between the first and second experiments ( Figure S4 ).
A cool water mass was observed below the MLD. This water mass had a mean temperature of approximately 0°C and mean salinity of approximately 33.5 (Figures 2, S3 , and S5), which was likely remnant WW, carrying the thermal signature from the previous winter, but distinct from the surface layer due to seasonal warming (Carvalho et al., 2016) . As the MLD deepened further into the summer, the thickness of the WW decreased from~25 to~12 m (Figures 2, S3 , and S4). The thickness of the WW was greater in the stationkeeping and across-canyon observations than in the along-canyon observations (Figures 2, S3 , and S4), especially in the second experiment when the MLD deepened (Figures 2, S3 , and S4).
A distinct water mass was observed below the WW (Figures 2 and S3-S5). This water mass had a temperature range between 0.5°C at the upper edge and 1.25°C at 200 m (Figures 2 and S5 ). The salinity of this layer ranged between 34.25 at the upper edge and 34.5 below 100 m ( Figures S3 and S5 ). Based on our definitions, this water mass was mUCDW, which is a modified form of the UCDW water that has been hypothesized to be a source of upwelled nutrients for PDC (Kavanaugh et al., 2015) .
The thickness of the WW layer was coherent with the bathymetry in the along-canyon transect, especially as the season progressed into February (Figures 2, S3 , and S4). Thicker WW layers were found over shallower ocean depths (<500 m), while mUCDW was closer to the surface over deeper waters (>800 m; Figures 2, 3, S3, and S4). A thicker WW layer was found on the west side of the canyon, which is consistent with observations made by Carvalho et al. (2016) using six seasons of glider data from PDC ( Figures S6a, S6b , S7a, and S7b). WW is a persistent feature during the summer months within PDC. WW was found in 87.5% of the 93 CTD profiles taken from Station 600-040 within the LTER sampling grid during the summer months from 1991 to 2017. WW in these profiles was found between 36 and 51 m deep on average. mUCDW was present in 93.8% of these CTD profiles, between 86 and 704 m on average. This pattern of WW and mUCDW distribution is evident in the transect-averaged properties in both experiments ( Figures S6-S9 ). Therefore, we believe that 2015 was a representative year within PDC in terms of water mass structure. 
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Water mass vertical distributions across the two experiments showed that the depth of the AASW and thickness of the WW were strongly related to the MLD. As the season progressed, WW slowly eroded. During the first experiment, mUCDW stayed far below the mixed layer, with no obvious intrusions into the surface, as the WW formed a barrier between the mUCDW and AASW (Figure 3 ). This was true even during a strong wind event on 5-6 February in the second experiment (Figures 3a and 3b ). However, in the second experiment, mUCDW became deeper in shallower portions of the canyon and shallower in deeper portions in the canyon (Figure 3b ), coming closer to the mixed layer as the season progressed. This observation is consistent with the physical upwelling and doming of isopycnals in submarine canyons (Klinck, 1989; Mackas et al., 1997) . This doming was more pronounced later in the season. There is also a strong across-canyon asymmetry of mUCDW (Figure 3c ), which was also seen in the averaged across-canyon transects ( Figures S6 and S7) . Average temperature and salinity transects across the canyon indicated mUCDW was shallower on the east side of the canyon in both experiments ( Figures S6a, S6b , S7a, and S7b).
Water spiciness (McDougall & Krzysik, 2015; Schmitt, 1999) was calculated as a proxy for potential cross isopycnal mixing ( Figure S10 ). In short, higher water spice indicates warmer, saltier water, while decreased spice indicates colder, fresher water masses. The stratification, similar to that seen in the temperature, salinity, and density time series (Figures 2, S3 , and S4), apparent in the time series of water spiciness indicates that there was minimal cross isopycnal mixing, with the exception of the wind driven mixing events described above ( Figure S10 ). 
High chlorophyll concentrations and backscatter were observed in the AASW, across all transects (Figures 4 and S11). These high chlorophyll and backscatter observations deepened as the MLD deepened (Figures 4 and S11). Chlorophyll in the surface layer followed a diurnal nonphotochemical quenching (NPQ) pattern ( Figure S11 ). Model II regressions of chlorophyll concentrations and backscatter above the MLD were highly correlated at night for all three gliders (Stationary, R 2 = 0.91; Along Canyon, R 2 = 0.89; Across Canyon, R 2 = 0.81) indicating that backscatter is also a good indicator of chlorophyll biomass and that NPQ explains the daily surface reductions in chlorophyll biomass.
Below the mixed layer, the along-canyon and across-canyon gliders showed elevated backscatter values in the deeper and the eastern portions of the canyon, possibly reflecting either particle export or particle retention from surface waters (Figures 5a, 5b , and S6-S9). These patterns persisted, but particle concentrations decreased in the second experiment (Figures 5c and 5d ).
Glider-estimated current velocities averaged for each experiment were integrated from the surface to the maximum profiling depth and binned to every kilometer across each glider's respective transects ( Figure 6 ). The station-keeping and across-canyon gliders had higher depth-integrated velocities than the along-canyon glider. This likely reflects the different glider dive depths and survey locations. The station-keeping and across-canyon gliders profiled to~100 m, while the along-canyon glider profiled to~200 m.
The mean flow in the upper water column observed across both experiments is directed toward the head of PDC. The average velocity for the station-keeping glider was 10.78 and 10.96 cm/s for the first and second experiments, respectively. If we take the dominant length scale (the length scale of important physical processes in this system) of PDC to be~22 km, these velocities suggest that it would take a surface particle approximately 2.27 days to drift from the deepest portion of PDC to Anvers Island. This 
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time scale is similar to the residence times (~2.1 days) of particles estimated by Kohut et al. (2018) .
Using the same length scale, the along-and across-canyon gliders have similar mean residence times ( Figure S12 ).
Decorrelation Analysis
Decorrelation analysis was used to separate time and space variabilities across the canyon. Decorrelation time scales in the station-keeping glider were used to represent variability in time, while differences between the station-keeping and the along-and across-canyon gliders were used to represent spatial variability. If mUCDW upwelling, or any influence of subsurface water masses on surface waters, was present, we expect to see spatial variability in the surface layers over the canyon with similar periods to the underlying canyon bathymetry.
The decorrelation time scales observed by all three gliders are presented in Table 1 . In the sections below, we highlight results and patterns that are relevant to our hypothesis.
Station-Keeping Glider Decorrelation Analysis
In the surface layer, the station-keeping glider observed decorrelation scales between 5 (backscatter) and 25 (temperature) hr during the first experiment (Figures 7a and 7b and Table 1 ). In the second experiment, temperature decorrelated at 50 hr ( Figure 7a and Table 1 ). This is likely due to more uniform temperature in the surface layer in the second half of the season (Figure 2b) . The only property that recorrelated in this surface layer was chlorophyll at lags of 24, 50, and 72 hr (Figure 7b ). Backscatter, however, did not show these patterns (Figure 7b ). Therefore, the decorrelation pattern in chlorophyll is likely due to daily NPQ cycles and not changes in biomass. There were similar patterns in chlorophyll and backscatter during the second experiment (Figure 7b ). At depth, decorrelation time scales ranged between 10 (temperature and salinity) and 15 (chlorophyll and backscatter; Table 1 ). Again, temperature and salinity decorrelation time scales increased to 40 hr in the second experiment, due to more uniform temperature and salinity properties at depth as the season progressed (Figures 2c and S2b ). Optical properties decorrelated at similar time scales in the second experiment. 
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Current velocities decorrelated and recorrelated at periodicities consistent with tidal periods in PDC (Figure 7e ).
Along-and Across-Canyon Decorrelation Analyses
The along-and across-canyon glider time series include signals from PDC changing in time and in space. Therefore, we included the decorrelation of bathymetry, which only changes in space along the glider track as a reference for the along-and across-canyon decorrelation analyses (Figures 8 and 9 ). The bathymetry for the along-canyon glider has maximum anticorrelation at 28 hr and maximum recorrelation at 55 hr. This corresponds to the average velocity of the along-canyon glider of 0.496 km/hr and represents the time it takes the along-canyon glider to travel offshore (anticorrelate) and then return onshore (recorrelate).
In surface waters along PDC, decorrelation time scales ranged from 5 (chlorophyll and backscatter) to 40 (temperature) hr (Figures 8a and 8b and Table 1 ). Decorrelation time scales were similar in the second experiment and temperature decorrelation time scales decreased to 15 hr ( Figure 8a and Table 1 ). Temperature in the second experiment also recorrelated around 50 hr, which was similar to the recorrelation time scales of bathymetry. This is likely due to increased temperatures over shallower portions of the canyon (Figure 2c ). Chlorophyll recorrelated approximately every 24 hr, likely reflecting NPQ (Figure 8b) . Across all measured variables in the surface layer, with the exception of temperature recorrelation patterns in the second experiment, there was little to no coherence between the decorrelation scales of the measured variables and the decorrelation scale of the bathymetry (Figures 8a and 8b) . At depth, decorrelation time scales ranged from 10 to 15 hr across physical and optical properties (Table 1) . Temperature anticorrelated at 30 hr, and both temperature and salinity recorrelated at 50 hr (Figure 8c) . These correspond to the bathymetry decorrelations (Figure 8c ). A similar pattern was observed in the chlorophyll and backscatter concentrations, although it was more pronounced in backscatter than chlorophyll, with backscatter anticorrelating at 32 hr and both backscatter and chlorophyll recorrelating at 55 hr (Figure 8d ).
Since the along-canyon transect was the only transect to be sampled continuously through both experiments, we performed decorrelation analysis on the continuous time series ( Figure S13) . The decorrelation scales for the continuous time series are similar to those in the two experiments, with the exception of 
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Journal of Geophysical Research: Oceans temperature and salinity above the mixed layer, and MLD (Figures S13a and S13e). We attribute these differences to gradual seasonal changes that occur within the continuous time series on greater temporal scales than the lag scales examined. Temperature, salinity, and backscatter below the mixed layer continued to correspond with bathymetry correlations (Figures S13c and S13d) .
The bathymetry of the across-canyon glider transitioned from shallow, then to deep, and back to shallow as it traversed the canyon from one flank to the other. Therefore, the first recorrelation at 20 hr in the acrosscanyon glider represents a single crossing, and the second recorrelation at 35 represents the return trip to the original location, which corresponds to an average glider velocity of 0.604 km/hr.
In the surface, decorrelation time scales ranged between 2.5 (backscatter) and 25 (temperature) hr (Figures 9a and 9b and Table 1 ). Salinity recorrelated at 28 hr and temperature anticorrelated at 57 hr (Figure 9a ). Chlorophyll recorrelated at 24 hr (Figure 9b) . Similar patterns were observed in the second experiment (Figures 9a and 9b ). However, there was no obvious relationship between these decorrelations and the bathymetry decorrelation scale (Figures 9a and 9b) . At depth, temperature, salinity, and backscatter showed similar decorrelation patterns, with these variables decorrelating at 8 hr and exhibiting recorrelations at 35 and 68 hr and anticorrelations at 18 and 53 hr (Figures 9c and 9d ). The decorrelation patterns in bathymetry are approximately twice the frequency of the decorrelation patterns in the temperature, salinity, and backscatter of deeper water masses. This suggests that the changes in these properties are only associated with one side of PDC at depth. This pattern was also reflected in the time series and average across-canyon transects (Figures 2d, 3c, 4d , S6, and S7).
Comparison of Decorrelations
The decorrelation analysis of waters between 0-10 and 80-90 m shows that shallow water dynamics differ from those observed in deeper waters (Figures 7-10 ). In the surface layer, salinity, chlorophyll, and backscatter decorrelated rapidly on similar time scales (Figures 10a and 10d and Table 1 ) irrespective of glider movements, indicating that the surface layer is not spatially structured as we would expect in a persistent bathymetry-related upwelling scenario (Figures 8a, 8b, 9a, and 9b ). At depth, decorrelation time scales were dissimilar across all three gliders (Figures 10e, 10f, and 10h) . Recorrelations in the along-and across-canyon gliders were similar to the recorrelation patterns of canyon bathymetry (Figures 8, 9c, and 9d ).
Historical Palmer LTER Nutrient and Light Profiles
Historical macronutrient profiles from the Palmer LTER indicate that nutrients within the surface mixed layer are not limiting within PDC nor along the nearby continental shelf. In PDC, surface phosphate ranges from approximately 1.5 to 1.75 μmol/L from the surface to 25 m, which was the depth of WW according to our definitions in the mean temperature and salinity profiles ( Figure S2a ). Over these depths, silicate concentrations range between 60 and 72 μmol/L and nitrate concentrations range between 20 and 25 μmol/L ( Figure S2a ). On the continental shelf, similar nutrient concentrations were observed ( Figure S2b) . Phosphate concentrations were~1.5 μmol/L, silicate concentrations ranged between~57 and 80 μmol/L, and nitrate concentrations were~20 μmol/L between the surface and 25 m ( Figure S2b) . These nutrient concentrations are relatively stable in the WW and increase with depth in the mUCDW ( Figure S2 ). While nitrate and phosphorus are rarely limiting in the WAP (Smith et al., 1996) , nitrate and phosphorus have been shown to be limiting in nearshore regions at~2 and below 0.02 μmol/L, respectively (Holm-Hanson et al., 1989) . Silicate has been shown to be limiting below 5 μmol/L (Nelson et al., 2001) . Light irradiance decreased exponentially with depth ( Figure S14) . The 1% and 5% light level was on average 46.9 ± 17.1 and 24.8 ± 6.5 m, respectively ( Figure S14 ).
Discussion
For localized upwelling of mUCDW to act as the mechanism maintaining the biological hotspot, it must reach a lighted, nutrient-limited surface layer and be retained long enough to affect phytoplankton abundance through growth. Satellite observations of increased chlorophyll over PDC provide a strong circumstantial case for this view (Kavanaugh et al., 2015) . However, we believe that our analysis suggests (1) that upwelling of mUCDW into the surface layer is not the dominant physical signal, (2) that the surface layer is neither macronutrient nor micronutrient limited, and (3) that the surface residence times are too short for phytoplankton growth rates respond to any upwelling event.
We observed no obvious entrainment of mUCDW into the mixed layer throughout PDC. The mUCDW was separated from AASW by a layer of WW (Figure 3 ). Although we observed spatial differences in the depth of mUCDW ( Figures S5-S8) , WW persisted as a boundary between the surface waters and mUCDW ( Figure 3 ). Furthermore, the three gliders showed similar decorrelation patterns in AASW despite spatial differences in glider transects (Figures 10a-10d ). These patterns were not similar to the decorrelation patterns in the canyon bathymetry, suggesting that there is no canyon effect within the surface mixed layer. This is contrary to our hypothesis that surface decorrelation patterns would be similar to canyon bathymetry if canyon-driven upwelling was occurring within PDC (Figures 8-10 ).
Ship-based observations from 1993 to 2018 in the Palmer LTER suggest that our observations are typical for this system during the austral summer. WW was present in 87.5% of CTD casts at Station 600-040 and was between 36-and 51-m depth during these casts, consistent with our observations (Figures 3 and S6-S9 ). In addition, mUCDW was found in 93.8% of profiles below 86 m, which was similar to our observations (Figures 3 and S6 -S9) and consistent with six seasons of glider observations within the austral summer in PDC (Carvalho et al., 2016) . Nutrient profiles from this historical data set also suggest that this system is not nutrient limited. Macronutrients nitrogen, phosphorous, and silica were abundant in the upper 20 m of the water column within PDC and along the continental shelf ( Figure S2 ).
While these nutrient profiles do not indicate upwelling, it is possible that nutrients are supplied to the surface via diffusive fluxes from mUCDW. Recent studies along the WAP suggest diffusive fluxes play a vital role to local nutrient dynamics (Bown et al., 2018; Henley et al., 2018; Pedulli et al., 2014) , so this is a possible mechanism for mUCDW to influence surface productivity. It is also possible that while the Palmer LTER data set analyzed has high temporal resolution across years (i.e. 1993-2018) , these observations are spatially and seasonally limited since these sampling events only occur in January or early February each year. Therefore, the Palmer LTER data may miss upwelling events that possibly occurred earlier or later in the season or at different locations within PDC. The data also could not resolve pulsed nutrient supplies, or short 
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Recent observations show that iron, a critical micronutrient, is not primarily sourced from mUCDW upwelling but from nearby glacial and sediment runoff (Sherrell et al., 2018) . Therefore, if mUCDW was upwelling, it would likely not have an effect on phytoplankton growth. This agrees with field incubation experiments (Carvalho et al., 2019) . Furthermore, light irradiance data show that the 1% light level (depth of the euphotic zone) in PDC is on average 47 m during the summer months ( Figure S14 ). mUCDW is not found at these depths until stratification begins to break down late in the growing season.
Beyond the lack of an upwelling signal and nutrient limitation, it is likely that surface water residence time over PDC is too short to attribute high phytoplankton biomass to local growth driven by localized upwelling. The residence time of surface waters based on simulated drifters (Kohut et al., 2018) and integrated glider currents ( Figure 6 and S12) is~2.2 days, while the doubling time of phytoplankton in this region is on the order of~7 to~70 days (Moline, 1996) . Growth rate estimates based on chlorophyll concentrations measured annually in Ryder Bay, south of PDC, since 1998 suggests the doubling time is~100 days, assuming exponential growth (Venables et al., 2013) . This suggests that if mUCDW is upwelling and was systematically missed by glider observations, it would be quickly transported away. These low residence times could also explain why the salinity, chlorophyll, and backscatter decorrelation patterns in the surface between the three gliders are similar despite the difference in the glider locations relative to each other (Figures 10a-10d ).
If local upwelling is not the mechanism maintaining the biological hotspot, then there must be another mechanism driving this phenomenon. Below, we attempt to reconcile satellite observations of enhanced phytoplankton biomass from Kavanaugh et al. (2015) over PDC (section 4.1) and then propose testable alternative hypotheses to account for the hotspot phenomenon in PDC (section 4.2).
Reconciling Satellite Observations
Satellite observations of lower ice and higher chlorophyll concentrations over PDC provided strong circumstantial evidence for local upwelling and retention of warm mUCDW (Kavanaugh et al., 2015) . However, the lack of a clear upwelling signal of mUCDW ( Figure 3 ) calls this interpretation into question. It is possible there is episodic upwelling over the canyon where the gliders did not sample. For example, mUCDW could be upwelling over portions of the eastern flank of PDC that were not sampled by the across-canyon glider where mUCDW was high in the water column and were therefore missed here. Whether or not local upwelling is ecologically relevant depends both on surface residence times that are longer than the phytoplankton growth rate and that the phytoplankton are nutrient limited. Neither of these appear to be true. In addition, mUCDW does not transfer heat to the surface mixed layer as proposed by Kavanaugh et al. (2015) , due to WW acting as a barrier to heat transfer to the surface (Figure 3 ).
Rather than upwelling of warm mUCDW melting sea ice, the lack of sea ice observed by Kavanaugh et al. (2015) over PDC could be attributed to strong surface currents or local winds. Notably, Kavanaugh et al. (2015) did not observe a temperature difference between canyon and noncanyon sites in PDC, suggesting that there could be other mechanisms creating low-ice conditions. Other coastal canyons along the WAP have also been associated with ice-free regions that are coupled with significant increases in productivity due to increased irradiance (Smith & Gordon, 1997) , suggesting that these systems are light limited rather than nutrient limited. It is important to note that observations in PDC may not apply to the other canyon systems examined by Kavanaugh et al. (2015) because the Bismark Strait provides a conduit for flow away from the canyon (Figure 1) .
Horizontal Transport as a Potential Hotspot Supporting Mechanism
The short surface residence time in PDC (this study; Kohut et al., 2018) strongly suggest that enhanced phytoplankton and krill biomass is a result of the advection of high concentrations of phytoplankton and krill biomass from the continental shelf into PDC, rather than local production of biomass supported by local upwelling, as suggested by the canyon hypothesis. However, it is unknown what these transport mechanisms are or how they interact with PDC.
There is evidence of isopycnal doming over the deepest parts of the canyon (Figures 3b, S4c , and S15). If we take these sloping isopycnals indicate doming within PDC, this doming may be associated with stretching of the water column as water moves over the canyon through conservation of potential vorticity, leading to the uplift of the denser waters in the middle of the canyon (Klinck, 1989; Mackas et al., 1997) . One possibility that would explain isopycnal doming and the strong coherence between bathymetry, temperature, and salinity (Figures 8c, 8d, 9c, 9d, and 10e-10h ) below the mixed layer would be the presence of a subsurface recirculating eddy over the canyon (Allen & Hickey, 2010) . Sloping isopycnals over the canyon generate a geostrophically balanced pressure gradient leading to the formation of an eddy around the rim of the canyon (Allen et al., 2001) . Based on mean density profiles from Station 600-040 and a maximum glider sampling depth of 200 m, an internal radius of deformation below the mixed layer was estimated as~7.5 km. Since the moving gliders had transects approximately 20 km long both along and across PDC, it is possible that we observed subsurface geostrophic flows. Although speculative, this may explain why the decorrelation scales of deep backscatter are coherent with bathymetry in PDC (Figures 8 and 9 ). Analysis of modeled drifters released within PDC suggests that residence time below the mixed layer (~50 m) is approximately 25 days , possibly allowing these waters to accumulate particles exported from the surface layer.
While it is possible that a recirculating eddy within PDC is facilitating the accumulation of particles, the nature of these high backscatter returns is unknown. Since these particles were observed far from shore over the deepest portions of the canyon, we propose that they are more likely to be biogenic than terrigenous. They do not exhibit correlations to chlorophyll fluorescence nor do they perform diurnal vertical migration (Goodrich, 2018 ; Figure S16 ). Therefore, it is possible that these particles may be aggregates of organic material that are caught in a deep recirculation pattern over PDC. Whether or not this hypothesized recirculation feature has any impact on larger zooplankton, and by extension, zooplankton predators is unknown. Krill have high diurnal vertical directed swimming speeds and could vertically migrate out this retentive feature. However, if krill horizontal movement is undirected and random, they could be retained by a coherent deep recirculating flow during the day.
